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Summary: We evaluate the role of sockeye salmon from the Nushagak and Kvichak River systems in the
Bering Sea continental shelf and oceanic North Pacific ecosystems from a food web perspective. We find
that Bristol Bay sockeye salmon are important forage fish on the eastern Bering Sea (EBS) continental
shelf during their first summer at sea, especially for Endangered Steller sea lions and protected northern
fur seals. Fish from these two rivers comprise more than a quarter of total sockeye salmon biomass, and
12% of total salmon biomass in the oceanic north Pacific during the ocean phase of their life cycle. The
ocean phase of salmon life history remains data poor relative to the freshwater phase, so quantitative
prediction of impacts to ocean food webs from greatly diminished Bristol Bay salmon runs is difficult.
Despite our lack of knowledge about key oceanic interactions for salmon and the resulting uncertainty
over impacts to marine ecosystems, the disproportionately large contribution of these rivers to overall
salmon biomass suggests their importance to North Pacific ecosystems.

Background

All Bristol Bay sockeye salmon smolts leave freshwater during late spring and spend their first summer
foraging and growing rapidly on the southeastern Bering sea continental shelf (Burgner 1991, Farley et al
2005). Juvenile salmon are thought to suffer 90% of their total smolt-to-adult mortality during their first
four months at sea (Furnell and Brett 1986, Pearcy 1992), which is when they are in residence on the EBS
shelf. In the fall and winter, juvenile Bristol Bay sockeye salmon migrate off the EBS shelf and into the
oceanic regions of the North Pacific both north and south of the Aleutian Islands; eventually occupying
the subarctic domain in the oceanic North Pacific during winter (Burgner 1991). Over the next two to
three years, Bristol Bay sockeye salmon migrate between wintering grounds in the subarctic gyres and
summer feeding grounds in the oceanic Bering Sea (Myers et al 2007, Fig 4). West of 175°W they mix
with the far less abundant Asian sockeye salmon, but they are distributed mostly east of 180°W in the
eastern subarctic gyre (Myers et al 1996, Myers et al 2007). Maturing sockeye salmon return to Bristol
Bay and their natal rivers during spring and early summer. Nearly half (48%) of maturing sockeye salmon
tagged at sea in the North Pacific and recovered in natal river systems between 1956 and 1995 returned to
Bristol Bay (Myers et al 1996).

Methods

Using Phil North’s estimate of 1.6 billion smolts entering North Pacific ecosystems from the Nushagak
and Kvichak/Naknek rivers annually', we applied upper and lower potential average weights for these
individual smolts to estimate their total biomass density and compare them with the density of other
forage fishes currently estimated to occupy the Bering Sea shelf. Measurements of juvenile sockeye
salmon weights during their first summer on the Bering Sea shelf ranged from a low mean of 0.047 kg to
a high of 0.135 kg between 2000 and 2003 (Farley et al. 2007). We used a weighted mean of age 1.0 and
2.0 weights assuming a 7:3 ratio of these ages based on the smolt counts in the Kvichak river for 2001
(Crawford 2001), and on forecasts for 2010 (Baker et al 2009), resulting in an average smolt weight of
0.075 kg on the EBS shelf. In subsequent years at sea, we used the approximate January weights reported
in Aydin (2000), derived from Ishida et al. (1998): 0.35 kg, 0.9, and 1.5 kg for ocean age .1, .2, and .3,
respectively. A smolt-to-adult mortality rate of 2.78 (corresponding to 6.2% survival; Bradford, 1995)
was applied to the original number of smolts over 3 winters at sea to estimate total numbers at sea from

!'In an email dated January 12, 2010, Phil outlines the methods for generating this estimate. We used this smolt
number which is based on the reported ADF&G estimate of 10% egg-to-smolt survival, and an alternative outgoing
smolt number of 457 million based on 2.8% survival (closer to Bradford’s (1995) sockeye egg-to-smolt mortality
rate of 3.9, or 2% survival) which results in returns of approximately 28 million adults using Bradford’s (1995)
sockeye smolt-to-adult mortality rate of 2.78.
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multiple brood years: 90% of this mortality rate prior to the first winter to represent shelf mortality, then
5% each following year (55% of forecast returns for 2010 spent 3 years at sea; Baker et al 2009). Phil
North’s estimate of 28 million returning adults (assumed to average 2.0 kg each) was used for comparison
with total adult salmon density on the EBS shelf.

Two occupied areas were used to estimate density in the EBS and oceanic North Pacific ecosystems: the
southernmost half of the Bering Sea shelf including Bristol Bay (247,606.5 km?), and the entire arca of
the eastern subarctic gyre (3,622,000 km?). Density is estimated as N smolts * average weight of a smolt/
area of ecosystem. We used both tons (t) and density in t/km? for comparison with ecosystem estimates
for other salmon, commercial, and forage species reported for the EBS in Aydin et al. (2007) and for the
oceanic North Pacific in Aydin et al (2003). Finally, we reviewed salmon’s importance in diets of specific
predators where data were available.

Results and Discussion

On the EBS shelf, Nushagak and Kvichak river sockeye salmon represent the majority of juvenile and
returning adult salmon biomass according to our calculations. Assuming returns of 28 million adults
weighing 2 kg each, these two rivers account for nearly 70% (56,000 of 81,100 t reported in Aydin et al
2007) of returning adult salmon biomass in the EBS. Depending on the numbers of smolts assumed and
the weight of an individual smolt, which varies with the number of years in freshwater and environmental
conditions in both freshwater and on the EBS shelf, juvenile sockeye salmon from these two river systems
may rank among the top ten forage groups (Table 1). When compared with only single species/stock
groups, they rank between fifth and seventh in importance, comparable to Pacific herring or eulachon. In
the open ocean, sockeye salmon represent 47% of total estimated salmon biomass present in the eastern
subtropical gyre (Aydin et al. 2003). According to our calculations using the lower number of entering
smolts, Bristol Bay sockeye salmon from the Nushagak and Kvichak river systems comprise 26% of total
sockeye salmon biomass, and 12% of total salmonid biomass in the entire eastern subarctic gyre (Table
2). Clearly these two rivers produce a significant portion of the salmon in offshore marine ecosystems,
and the majority of salmon on the EBS shelf. Data on consumption of salmon by fish predators in these
marine ecosystems is lacking at present;> however, available data suggest importance to marine mammal
predators. The primary predators of salmon in the EBS shelf model are marine mammals, including
pinnipeds and toothed whales (Aydin et al 2007).

Marine mammal diet data shows seasonal dependence on salmon. In a recent study of EBS northern fur
seal diets, salmon rank second among fish in frequency of occurrence for animals on both Pribilof Islands
from late July though September, 1990-2000 (Gudmundson et al. 2006, Fig 2). The Endangered western
stock of Steller sea lions also rely on salmon during summer; salmon ranked second in frequency of
occurrence in summer diets in all regions between 1990 and 1998 (Sinclair and Zeppelin 2002, Fig 4).
These regions include the Bering Sea shelf and waters surrounding the Aleutian Islands, where salmon
were noted to increase in diets during winter due to outmigrating juvenile Bristol Bay salmon (Sinclair
and Zeppelin 2002, p. 981). There has been considerable concern regarding the amount and diversity of
prey available for Steller sea lions and fur seals given their recent population declines (e.g., Merrick et al
1997, Atkinson et al. 2008), so diminished Bristol Bay salmon runs, which account for the majority of
EBS salmon, would certainly add to this concern. Despite uncertainties regarding many food web links,
the disproportionate contribution of Nushagak and Kvichak river sockeye salmon to the EBS and North
Pacific marine ecosystems suggests that loss of these runs could have significant effects.

% In the published EBS shelf food web model (Aydin et al 2007) the estimate of density for the “salmon outgoing”
functional group (smolts of all species) was based on the estimated consumption demand by predators in the
ecosystem. However, the timing of annual groundfish food habits sampling during May and June on the southern
shelf means that outgoing salmon smolts are not yet on the EBS shelf and therefore will not be present in groundfish
predator diets. Therefore, groundfish predation on salmon may be greatly underestimated by current sampling.
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Table 1. Potential rank of Nushagak and Kvichak river juvenile sockeye salmon among Eastern Bering
Sea (EBS) continental shelf forage groups from Aydin et al. 2007 (left columns). The first potential rank
is among single species groups only, and the second is among all groups including those combining many
species in density estimates. Assumed number of smolts, average weight, and area of shelf occupied are
given for a range of Nushagak and Kvichak river juvenile sockeye salmon density estimates.
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Table 2. Contribution of Nushagak and Kvichak river sockeye salmon to total eastern N. Pacific salmon
biomass as reported in Aydin et al. 2003 (Eastern Subarctic model; left columns).
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